Human immunodeficiency virus type 1 (HIV-1) infection of the central nervous system occurs early in the course of HIV-1 disease. HIV-1 productively infects brain macrophages and microglial cells (3, 7, 18, 24, 43) . A subpopulation of astrocytes is also consistently infected (3, 41, 43) , but astrocyte infection yields little progeny virus (6, 14, 21, 25, 36, 49, 50) . However, nonproductively infected astrocytes may be activated to produce virus that can be transferred to other susceptible cells (6, 19, 50) . Thus, infected astrocytes might serve as a reservoir of HIV-1 in the brain and could be a sanctuary site for HIV-1 that might thwart virus eradication by current therapeutic regimens. Astrocytes are terminally differentiated in adult brain tissue and are crucial for neuronal function and survival. Therefore, elimination of HIV-1-infected astrocytes by therapeutic or immunological means would be detrimental. A preferable approach would permanently lock HIV-1 into a dormant state in astrocytes. However, to achieve this, the precise mechanisms that initiate and maintain the latent infection of astrocytes must be understood. Our present study examined the initial events during acute-phase viral replication that drive HIV-1 infection of astrocytes toward a dormant state.
Most previous studies on HIV-1 replication in astrocytes have focused on the transcriptional control of stably integrated HIV-1 in long-term-or latently infected cells. During this dormant phase that follows the initial infection, restricted expression of virus results from low-level basal long terminal repeat (LTR) activity which can be modestly induced by cytokines or other chemical stimuli (13, 32, 40, 42) . In contrast, during acute-phase virus replication in astrocytes, low-level virus production appears to be controlled posttranscriptionally, since high levels of HIV-1 mRNA are synthesized after transfection with a proviral plasmid (19, 49) . These observations suggest that there may be two phases of entry into the dormant state, one operating initially to suppress virion production despite high-level RNA synthesis and another that eventually suppresses RNA transcription. Transcriptional repression in longterm-infected cells is not unique to astrocytes (10, 16, 17) , but the action of a novel central nervous system-derived molecule that promotes TAR-independent transcription in the presence of Tat indicates that unique transcriptional regulatory mechanisms may exist in astrocytes (28, (45) (46) (47) 53) .
Earlier studies using a persistently HIV-1-infected astrocyte cell line, TH4-7-5, demonstrated that inefficient HIV-1 Rev function prevented the nucleocytoplasmic export and subsequent expression of gag and env RNAs bearing the Rev-responsive element (RRE) (31) . Here, we examined acute-phase HIV-1 replication in astrocytes following transfection of an infectious molecular clone to examine whether an inactive Rev-RRE regulatory axis leads to the restricted expression of virus during the initial infection. We showed that astrocytes acutely infected by HIV-1 produce high levels of viral mRNA, which is correctly spliced and efficiently translocated to the cytoplasm. Efficient RNA expression in astrocytes is associated with normal expression and function of Rev and Tat proteins.
However, the major HIV-1 structural and Nef proteins are expressed at low levels in astrocytes during the acute infection phase, despite high levels of available mRNA and the efficient translation of a coexpressed, non-HIV-1 reporter. We showed that diminished expression of these proteins in astrocytes results from an HIV-1-specific restriction in the translation of gag, env, and nef mRNAs to proteins. This severely reduces the synthesis of progeny virions and initiates the nonproductive or latent infection. The efficient translation of Tat and Rev proteins by HIV-1-infected astrocytes may contribute to AIDS neuropathogenesis.
MATERIALS AND METHODS
Cell culture. The astrocytoma cell line U251MG (5) was obtained from J. Kort, Department of Medicine, Albany Medical College, Albany, N.Y., and was maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (vol/vol) fetal calf serum, penicillin (100 U/ml), streptomycin (100 g/ml), and glutamine (25 g/ml) (DMEM-10). Primary fetal astrocytes (PFA), obtained from fetal abortuses and judged to be Ͼ99% pure by positivity to the astrocytespecific marker glial fibrillary acidic protein (GFAP), were cultured in DMEM-10 for up to 10 weeks postisolation. HeLa cells (39) were also cultured in DMEM-10.
Plasmids and cell transfection. The HIV-1 proviral plasmids pNL4-3 (1) and pNL4-3Tat Ϫ , which has two premature stop codons introduced into the tat open reading frame (23), were obtained from M. Martin (Laboratory of Molecular Microbiology, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Md.). pNL4-3RevϪ contains an ACG point mutation at the initiating Met codon of the rev gene and was prepared via site-directed mutagenesis by using the pALTER system (Promega, Madison, Wis.). The Rev reporter plasmid, pDM128, expresses the chloramphenicol acetyltransferase (CAT) gene from an intron bearing the RRE in the presence of HIV-1 Rev protein (22) . pEGFP-N1 (Clontech, Palo Alto, Calif.) produces green fluorescent protein (GFP) under the control of a cytomegalovirus promoter. pLTR-EGFP, in which the AseI-to-HindIII cytomegalovirus promoter fragment of pEGFP-N1 is replaced with the XhoI-to-HindIII 3Ј-LTR fragment from pNL4-3, expresses high levels of GFP in the presence of HIV-1 Tat. pRSV-Rev produces Rev protein under the direction of a Rous sarcoma virus promoter (22) . In pCMV-hGH, the GFP fragment of pEGFP-N1 was replaced with the human growth hormone (hGH) gene. Unless indicated otherwise, cells were cotransfected with 20 g of proviral plasmid plus 5 g of GFP-expressing plasmid and 2 g of pCMV-hGH plasmid by the calcium phosphate method as previously described (19) .
Antibodies. BB10 (a gift from E. Dax, National HIV Reference Laboratory, Fairfield, Victoria, Australia) is pooled human HIV-1-immune serum that recognizes the major HIV-1 structural proteins p24, p55, and gp120. Sheep antiNef [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] (provided by A. Greenway) is an affinity-purified polyclonal antibody raised against a peptide corresponding to amino acids 15 to 27 of HIV-1 NL Nef (20) .
hGH and HIV-1 p24 assays. HIV-1 p24 antigen production was measured by enzyme immunoassay in accordance with the manufacturer's instructions (Organon Teknika, Durham, N.C.). hGH production was measured from 100 l of culture supernatant by radioimmunoassay (Nichols Institute Diagnostics, San Juan Capistrano, Calif.).
Analysis of HIV-1 mRNA. Total cell RNA was extracted by using TRIzol reagent in accordance with the manufacturer's protocol (BRL Life Technologies, Gaithersburg, Md.). Cytoplasmic RNA extracts were prepared from 10 6 transfected cells that were washed three times in phosphate-buffered saline (PBS) and then hypotonically swollen in 3 ml of a solution consisting of 10 mM KCl, 1.5 mM MgCl 2 and 10 mM HEPES (pH 7.9) for 10 min on ice. Cells were lysed in 200 l of ice-cold cytoplasmic extraction buffer (150 mM NaCl; 10 mM Tris-HCl, pH 8.0; 2 mM MgCl 2 ; 0.5% [vol/vol] Nonidet P-40 [NP-40]; 10 mM ribonucleoside complexes), and nondisruption of cell nuclei was confirmed by light microscopy. Cell lysates were vortexed for 10 s and centrifuged at 1,700 ϫ g for 5 min to pellet intact nuclei. The supernatant was collected and centrifuged again to remove any residual nuclei. One hundred eighty microliters of supernatant was added to 1 ml of TRIzol reagent, the mixture was gently inverted, and RNA was purified as above. Northern blot detection of the three major HIV-1 mRNA classes in total-cell and cytoplasmic RNA extracts was performed with a 3Ј HIV-1 LTR region PCR product labelled with [␣-32 P]dCTP as previously described (19) . First-strand cDNA was synthesized from total RNA extracts with avian myeloblastosis virus reverse transcriptase, using a cDNA cycle kit and an oligo(dT) primer (Invitrogen, Carlsbad, Calif.). PCR for spliced HIV-1 mRNA species was performed by a method described previously (34) , with the following modifications: for PCR analysis of cDNA from the 4.0-kb mRNA class, the oligonucleotide primers Odp.045 (5Ј-CTGAGCCTGGGAGCTCTCTG-3Ј, positions 477 to 499 of HIV-1 NL ) and Odp.084 (5Ј-TCATTGCCACTGTCTTCTGCTCT-3Ј, positions 6202 to 6225 of HIV-1 NL ) were used. Amplification products were radiolabelled by performing a single round of PCR, replacing dCTP with 10 Ci of [␣-32 P]dCTP, and then analyzed by electrophoresis on a 6% polyacrylamideurea gel and autoradiographed. Individual HIV-1 mRNA species were named according to the nomenclature of Purcell and Martin (34) .
CAT assays. Cells were trypsinized 72 h after cotransfection, washed twice in PBS, resuspended in 120 l of 250 mM Tris-HCl (pH 7.8) with 0.5% (vol/vol) NP-40, and then subjected to three rapid freeze-rapid thaw cycles to induce lysis. The tubes were vortexed for 10 s between each freeze-thaw cycle. Lysates were centrifuged at 15,300 ϫ g for 5 min at 4°C, supernatants were heat inactivated at 65°C for 10 min and then centrifuged at 15,300 ϫ g for 5 min at 4°C, and the resultant supernatants were harvested for CAT assay. To control for transfection efficiency, the amount of cell lysate assayed was adjusted according to hGH production by dilution with 1 M Tris-HCl (pH 7.8), and then 25 l of this supernatant was added to 25 l of 1 M Tris-HCl (pH 7.8) and reacted with 10 l of acetyl coenzyme A (Boehringer, Mannheim, Germany; 3.5 mg/ml) and 5 l of Immunoblotting. At 72 h after transfection, cells (10 6 ) were washed twice in PBS and resuspended in 200 l of ice-cold lysis buffer (0.5% [vol/vol] NP-40; 0.5% [wt/vol] sodium deoxycholate; 50 mM NaCl; 25 mM Tris-HCl, pH 8.0; 10 mM EDTA; 5 mM benzamidine HCl; 10 mM phenylmethylsulfonyl fluoride) for 10 min, and then cellular debris was removed by centrifugation at 15,300 ϫ g for 10 min. Lysate concentrations were standardized for transfection efficiency against hGH production, and 20 l of lysate was added to 5 l of 5ϫ sodium dodecyl sulfate (SDS) gel loading buffer (10% [wt/vol] SDS; 500 mM dithiothreitol; 300 mM Tris-HCl, pH 6.8; 0.001% [wt/vol] bromophenol blue). Samples were boiled for 3 min and then electrophoresed on SDS-13% polyacrylamide gels, and proteins were transferred to Hybond-C nitrocellulose membranes (Amersham, Buckinghamshire, England). Nonspecific binding of membranes was blocked with Tris-buffered saline containing 3% (wt/vol) casein and 0.3% (vol/ vol) Tween 20 for 16 h. After being washed four times with Tris-buffered saline containing 0.3% (vol/vol) Tween 20, the membranes were probed with either polyclonal HIV-1 antiserum BB10 (1:5,000) or sheep anti-Nef [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] (1:500). After being subjected to four more washing steps as described above, the membrane was incubated with a horseradish peroxidase-conjugated antibody to human or sheep immunoglobulin G (1:5,000) for 1 h and then washed seven times as described above, and immunoreactive proteins were detected by enhanced chemiluminescence (ECL; Amersham).
Pulse-chase labelling and immunoprecipitation. Cells were transfected with 20 g of pNL4-3 and 5 g pEGFP-N1 and cultured until 24 h before the peak of p24 production (48 h for HeLa cell transfectants or 72 h for U251MG transfectants). Transfected (or mock-transfected) cells (6 ϫ 10 6 ) were washed twice in PBS and starved in 6 ml of DMEM lacking methionine and cysteine (ICN, Costa Mesa, Calif.) but containing 2% dialyzed fetal calf serum for 30 min at 37°C. Cells were pulse-labelled for 1 h by adding 500 Ci of 35 S-labelled methioninecysteine (NEN) after suspension in 600 l of starvation medium. Labelled cells were washed twice in PBS, resuspended in 6 ml of DMEM-10 medium, and divided into six tubes (10 6 cells each). Cells were incubated at 37°C and harvested at 0, 1, 2, 3, 4, and 6 h post-pulse-labelling. Preparation of cell and virion lysates and immunoprecipitation of HIV-1 structural proteins with pooled HIV-1-immune serum were performed as previously described (51) . Immunoprecipitation for Rev protein was performed with a sheep antiserum to glutathione S-transferase-Rev (ICN) from lysates of 6 ϫ 10 6 transfected HeLa or U251MG cells that were radiolabelled with 500 Ci of 35 S-labelled methionine-cysteine for 16 h.
RESULTS
Inefficient expression of p24 antigen in PFA and U251MG astrocytoma cells acutely replicating HIV-1. In vitro infection of astrocytes with cell-free HIV-1 is highly inefficient at initiating measurable virus replication. To ensure sufficient synchronous expression of HIV-1, we cotransfected either PFA or the U251MG astrocytoma cell line with the pNL4-3 HIV-1 proviral plasmid, as well as with pEGFP-N1 to monitor the transfection efficiency. When compared to control HeLa cell transfections, the primary astrocytes and U251MG astrocytoma cells synthesized 22-and 30-fold less p24 antigen, respec-tively, despite comparable GFP expression (Fig. 1) . Hence, since HIV-1 production was similarly restricted in both primary and transformed astrocytes during acute-phase viral replication, the U251MG astrocytoma cell line was chosen to investigate the reduced expression of virus.
Efficient transcription and nucleocytoplasmic transport of Rev-dependent HIV-1 mRNAs in astrocytes. To study the molecular mechanisms restricting HIV-1 expression during an acute-phase infection, we first assessed the HIV-1 mRNAs by Northern blot analysis. HIV-1-transfected U251MG astrocytes and HeLa cells contained all three HIV-1 mRNA classes ( Fig.  2A) . The synthesis of 9-kb genomic and 4-kb env HIV-1 mRNAs was comparable in transfected astrocytes and HeLa cells. The multiply spliced 2-kb mRNA was expressed at even higher levels in astrocytes than in HeLa cells and represented a greater proportion of the total HIV-1 mRNA, as previously reported (19, 25, 49) . We performed Northern blot experiments with astrocytes infected by cell-free HIV-1 in vitro but could not detect HIV-1 RNA (data not shown). Despite high levels of HIV-1 mRNA, the level of soluble p24 antigen detected in these transfected astrocytes (12 ng/ml) was severely reduced compared to the level in HeLa cells (540 ng/ml) in this experiment. We considered that restricted virus production in acutely infected astrocytes might result from a block in Revmediated nucleocytoplasmic transport of Rev-dependent mRNA as was previously shown for a persistently infected astrocyte cell line (31) .
Rev function in astrocytes transfected with pNL4-3 was first assessed from the cytoplasmic accumulation of Rev-dependent HIV-1 mRNA. Northern blot analyses comparing the relative ratios of HIV-1 mRNAs in total-cell and cytoplasmic extracts from transfected astrocytes and HeLa cells revealed no defect in the nucleocytoplasmic transport of Rev-dependent HIV-1 mRNAs in astrocytes (Fig. 2B) . By densitometry, it was determined that astrocytes and HeLa cells translocated similar proportions of the 9-kb mRNA into the cytoplasm ( Table 1) , indicating that this function of Rev was not compromised in astrocyte transfections. Aside from this finding, densitometry also showed that the multiply spliced 2-kb mRNA accumulated in the cytoplasmic fraction with a fivefold higher efficiency in astrocytes (Fig. 2B, lanes 7 and 8) . Transfection of astrocytes and HeLa cells with a Rev-defective provirus control, pNL4-3RevϪ, resulted in the 9-and 4-kb Rev-responsive mRNAs being retained almost exclusively in the nucleus, with efficient cytoplasmic accumulation of 2-kb mRNA ( Fig. 2C and Table 1) .
HIV-1 mRNA is correctly spliced in astrocytes. Since adequate levels of HIV-1 mRNA were available in transfected astrocytes for viral protein production, the pattern of alternatively spliced mRNA was assessed to determine whether the restriction in virus production occurred due to incorrect processing. The multiply spliced 2-kb mRNA species were examined by semiquantitative reverse transcription (RT)-PCR (Fig.  3A) . The full array of multiply spliced mRNA species could be observed in both HeLa and U251MG astrocytoma cells transfected with the pNL4-3 proviral plasmid. A reduced synthesis of Vpr1 (1/3E/7) mRNA (34) by U251MG astrocytes was observed. Vpr expression is unlikely to account for the observed differences in viral production, since pNL4-3 wild type and Vpr mutants expressed similar levels of p24 and reverse transcriptase in HeLa cells. Similarly, cotransfection of Vpr expression constructs with pNL4-3 in U251MG astrocytes did not increase the level of p24 or reverse transcriptase (data not shown). For the 4-kb species of mRNA, the two cell types showed similar patterns of spliced RNA, with the primary env transcript, Env1 (1/5E), predominating (Fig. 3B) . Thus, RNA was spliced similarly in HeLa and U251MG astrocytoma cells, and RNA splicing does not account for the differences in the expression of HIV-1 particles from these two cell types.
Rev protein is expressed and functional in astrocytes. The pDM128 reporter plasmid requires Rev for the expression of CAT (22) . Cotransfection of pDM128 with a control Rev expression plasmid, pRSV-Rev, showed comparable Rev function in the U251MG astrocytoma and HeLa cell lines (Fig. 4) . Increased expression of Rev from pRSV-Rev in HeLa cells led to dose-dependent CAT activity, indicating increasing Rev function ( Fig. 4A and B) . A very similar dose dependency was observed following cotransfection of pRSV-Rev in the U251MG astrocytoma cells (Fig. 4C and D) . Rev-dependent regulation of pDM128 expression was not as stringent in U251MG astrocytes as in HeLa cells, since low-level acetylation was observed in astrocytes when pDM128 was transfected without Rev (Fig. 4C, lane 2) . Thus, Rev protein functions efficiently in U251MG astrocytes when expressed from a Rev expression plasmid.
To measure Rev expression from the native rev mRNA, the pDM128 plasmid was cotransfected with increasing amounts of the pNL4-3 proviral plasmid or a Rev-defective control, pNL4-3RevϪ. Again, similar Rev activities were observed in U251MG astrocytoma and HeLa cells (Fig. 5) . No CAT activity was observed when the pNL4-3RevϪ proviral plasmid was transfected into HeLa cells (Fig. 5A) , but low-level acetylation similar to background levels was observed when that plasmid was transfected into U251MG astrocytoma cells (Fig. 5D) . Despite finding similar Rev activities in the two cell types, p24 antigen was expressed in amounts up to 27-fold higher in HeLa cells (compare Fig. 5C and F) . These results indicate that expression of functional Rev protein from the native mRNA, but not p24, is equally efficient in U251MG astrocytes and HeLa cells. Thus, Rev function does not restrict the acutephase replication of HIV-1 in astrocytes as demonstrated by the limited expression of p24.
Efficient Tat expression and function in astrocytes. The Tat-dependent reporter plasmid pLTR-EGFP was used to measure Tat function by fluorescence via flow cytometry. When Tat was expressed from the pNL4-3 proviral plasmid, similar Tat activities were measured in HeLa and U251MG cells (Fig. 6 ). Basal LTR activity was obtained when a Tatmutated proviral plasmid, pNL4-3TatϪ, was used. Despite having similar Tat function, the synthesis of p24 antigen was up to 23-fold higher in HeLa cell supernatants that produced equivalent levels of hGH (compare Fig. 6B and D) . This shows that restricted virus production in U251MG cells was not due to inefficient Tat protein function. These results indicate that Tat protein is efficiently synthesized from its native mRNA in U251MG astrocytes and is fully functional for transactivating transcription from the HIV-1 LTR.
The restricted acute-phase infection of astrocytes results from a specific downmodulation in the translation of HIV-1 structural and Nef proteins. The preceding experiments showed that astrocytes express and process HIV-1 RNA in the same way as HeLa cells. We therefore measured the production of HIV-1 proteins after transfection with pNL4-3, using immunoblotting or pulse-chase labelling and immunoprecipitation. Immunoblotting revealed very low-level synthesis of HIV-1 proteins in pNL4-3-transfected astrocytes compared to HeLa cells (Fig. 7A) . Similarly, there were fivefold lower levels of Nef in astrocytes than in HeLa cells (Fig. 7B) , despite the existence of fivefold higher levels of nef mRNA ( Fig. 2A and  3A) . The ratio of intracellular p24 (measured by enzyme- a The percent accumulation of 9-kb HIV-1 mRNA detected in the cytoplasmic fraction relative to that in the total-cell RNA of astrocytes and HeLa cells transfected with pNL4-3 and pNL4-3RevϪ ( Fig. 2B and C) was determined from densitometric analysis of Northern blot pNL4-3RevϪ assays.
linked immunosorbent assay of cell lysates) to hGH (measured from transfected-cell supernatant) in astrocytes (0.073 ng/ng of hGH) was 15-fold lower than that in HeLa cells (1.1 ng/ng of hGH). In contrast, Rev was expressed with similar efficiencies by HeLa and U251MG astrocytes, since equivalent amounts of Rev were immunoprecipitated from the respective cell lysates after normalization for trichloroacetic acid (TCA)-precipitable counts (Fig. 7C, compare lanes 2 and 4) .
To determine whether the reduced levels of HIV-1 structural proteins expressed by astrocytes resulted from abnormal protein processing or from a specific block in translation of these mRNAs, pulse-chase labelling and immunoprecipitation were performed with equal numbers of U251MG and HeLa cells previously cotransfected with pEGFP-N1 and pNL4-3 plasmids. Approximately 10% more U251MG cells were transfected than HeLa cells, but the two cell types expressed GFP with equivalent mean intensities (Fig. 8 ). Despite a higher overall level of expression of GFP by astrocytes, they synthesized 25-fold less pulse-labelled HIV-1 protein than did HeLa cells after normalization for TCA-precipitable counts in the respective cell lysates (compare Fig. 9A and C) . This indicates that astrocytes have a specific block in expression of HIV-1 structural proteins. However, HIV-1 Gag and Env protein processing was identical in the two cell types, because the processing of Env precursor gp160 to gp120-SU and gp41-TM and that of Gag Pr55 to p24-CA and p17-MA were comparable at all chase time points in lysates from both cell types (Fig. 9A and C) and their progeny virions (Fig. 9B and D) .
Thus, the restricted virus production from astrocytes acutely replicating HIV-1 results from inefficient translation of structural protein from high levels of correctly processed HIV-1 mRNA.
DISCUSSION
We examined the mechanisms restricting acute-phase HIV-1 production in astrocytes by using a transfection system to optimize expression during early viral replication. Despite normal transcription, splicing, and transport of HIV-1 mRNA, immunoblot and radioimmunoprecipitation experiments showed that the translation of a subgroup of HIV-1 mRNAs is . CAT assays were performed on cell lysates that were normalized for hGH production. Acetylation was quantitated by phosphorimaging, with basal acetylation defined as CAT activity by pDM128 without Rev (lane 2), and means and standard errors of the means of the CAT activity for data from three experiments were determined after subtracting basal acetylation (B and D).
highly inefficient during acute-phase viral replication in the U251MG astrocyte cell line. The cytoplasmic gag, env, and nef RNAs were poor substrates for protein expression, producing 25-fold less protein in astrocytes than in HeLa cells. Pulsechase labelling showed that reduced accumulation of HIV-1 structural proteins during acute-phase viral replication was due to their inefficient synthesis in the astrocyte cell line and was not due to any abnormal processing or targeted degradation of these proteins.
All HIV-1 mRNA classes were expressed at high levels in U251MG cells ( Fig. 2A) and were correctly spliced (Fig. 3) but yielded 50-fold lower p24 levels than HeLa cells expressing comparable levels of HIV-1 mRNA. Previous studies of a persistently HIV-1-infected astrocyte cell line, TH4-7-5, demonstrated that in that model, restricted infection resulted from an astrocyte-specific block in HIV-1 Rev function, causing inefficient nucleocytoplasmic transport of unspliced and singly spliced HIV-1 mRNA species (31). In our acute-phase replication model, this mechanism did not account for the reduced expression of virus because the Rev-dependent mRNA classes were readily detected in cytoplasmic RNA extracts of astrocytes (Fig. 2B) , showing that Rev-dependent mRNAs were efficiently translocated to the cytoplasm. Control transfections with a Rev-deficient proviral plasmid, pNL4-3RevϪ, demon- -3RevϪ (lanes 4, 6, 8, 10, and 12 ). Cells were transfected with 2 g of pCMV-hGH to control for transfection efficiency. Mock transfections received pCMV-hGH alone (lane 1). CAT assays were performed on cell lysates that were normalized for hGH production. Acetylation was quantitated by phosphorimaging, with basal acetylation defined as CAT activity by pDM128 without Rev (lane 2), and means and standard errors of the means of the CAT activity for data from three experiments were determined after subtracting basal acetylation (B and E). Soluble p24 antigen was measured in culture supernatant samples collected prior to cell harvesting and normalized for hGH production (C and F). strated almost complete nuclear retention of Rev-dependent mRNA species in astrocytes (Fig. 2C) , confirming that Rev is required in U251MG astrocytes for cytoplasmic translocation of HIV-1 RNAs containing the RRE.
Further confirmation of competent Rev expression and function in astrocytes was obtained biochemically by immunoprecipitation and functionally by using a Rev-dependent CAT reporter plasmid. Rev expressed from either the native rev RNA or a Rous sarcoma virus-Rev expression plasmid confirmed that Rev is translated and functions with equivalent efficiency in U251MG astrocytes and HeLa cells. An earlier study of the persistently infected TH4-7-5 cell line that attributed the low production of virus to a defect in Rev function used a Rev-dependent reporter that expressed Gag (31) . Our studies clearly show that translation of Gag protein is inefficient in U251MG astrocytes and raise the possibility that the Gag reporter for Rev function used in those studies might also be restricted for Gag translation. Our use of the pDM128 Rev reporter that expresses CAT protein might explain the differences in Rev function determined in our study and in that of Neumann et al. (31) . Thus, we conclude that expression and function of Rev during acute-phase replication of HIV-1 in U251MG astrocytes appear to be typical.
Latent HIV-1 infection of the T-cell line ACH2 and a promyelomonocytic cell line, U1, results from mutations in Tat or its RNA binding site, TAR, respectively (2, 8, 12) . For astrocytes, several studies have demonstrated efficient Tat transactivation of the HIV-1 LTR in the absence of TAR (42, (44) (45) (46) (47) , demonstrating a unique transcriptional control mechanism in astrocytes. Our results showed efficient expression of functional Tat from the native tat mRNA, confirming earlier studies using other Tat expression constructs. This suggests that the early events leading to nonproductive HIV-1 infection of as- trocytes involve suppressed translation of HIV-1 structural proteins, as opposed to the transcriptional repression that underpins the latent infection of T cells and monocytes/macrophages. The suppressed translation of HIV-1 structural proteins in the face of efficient HIV-1 mRNA transcription may explain the discrepancies in measurements of the numbers of HIV-1-infected astrocytes in vivo. Measurements of HIV-1 structural proteins may significantly underrepresent the distribution and transcriptional activity of HIV-1-infected astrocytes in vivo compared to RNA or DNA detection (3, 7, 18, 41, 43) . Furthermore, efficient expression of the neurotoxic Tat protein by astrocytes in vivo may contribute to neuropathogenesis in AIDS patients (30, 37) .
Our studies showed that Nef protein is expressed at fivefold lower levels in U251MG cells than in HeLa cells, despite the fivefold higher level of nef mRNA synthesis in the astrocytes. This reduced Nef synthesis contrasts with the high levels measured in the TH4-7-5 cell line that was selected for Nef expression (6) and may indicate that changes in the native nef mRNA alleviate the inefficient translation. The high-level expression of Nef in postmortem astrocytes from pediatric and adult AIDS patients (35, 38, 48) might demonstrate the existence of in vivo mechanisms that overcome the inefficient translation of Nef, possibly modulated by local cytokines. However, the suppressed translation of nef mRNA observed in our study is in agreement with other reports showing low-level Nef synthesis that could be relieved by coculture with monocytes/macrophages (15) or tumor necrosis factor alpha stimulation (49) .
The mechanism underlying the inefficient translation of the gag, env, and nef mRNAs is unclear. The strength of the Kozak signal surrounding the initiating AUG codon does not correlate with the translation efficiency of these mRNAs, because HIV-1 NL tat, gag, env, and nef mRNAs all have strong Kozak signals whereas rev mRNA has a weak Kozak signal (26, 27) . The translational control mechanism accounting for our results must accommodate (i) the selective repression of HIV-1 structural protein synthesis over that of the other reporter proteins used here (hGH and GFP), (ii) suppression mediated by 5Ј HIV-1 noncoding RNA proximal to TAR, and (iii) a relief of translational suppression for tat and rev mRNAs that is mediated by a short stretch of unique 5Ј noncoding RNA.
Several reports have shown that the translation of HIV-1 proteins may be downmodulated by the alpha-interferon-inducible double-stranded RNA-activated protein kinase R (PKR) (4, 33) . It is possible that astrocytes exhibit high-level constitutive expression of activated PKR that might inhibit engagement of initiator tRNA Met at the 7-methyl-Gppp cap structure at the 5Ј end of the RNA (reviewed by Clemens [9] ). However, PKR-mediated translational control has not been reported to discriminate between mRNAs translated by typical ribosome scanning. The existence of polypyrimidine tracts proximal to the initiating AUG of tat and rev mRNAs (34) raises the possibility that the translation of these mRNAs escapes a cap-dependent translational suppression imposed on the other HIV-1 RNAs by direct interactions of the 40S ribosomal subunit with polypyrimidine tract binding proteins, in a manner resembling the activity of the internal ribosome entry sites of some viruses, e.g., picornavirus (11) .
The efficient expression of Tat protein in astrocytes raises the possibility that this viral protein contributes to the translation control observed in these cells. Recently, the second coding exon of HIV-1 Tat was shown to directly interact with a protein of the human translation machinery, translation elongation factor 1 delta (52). This interaction caused downmodulated translation of CAT protein in vitro and of CD4 protein in transfected HeLa cells. Interestingly, unlike CD4 cells, the translation of HIV-1 structural proteins was not diminished in HeLA cells cotransfected with CD4 and HIV-1 proviral plasmids (52) . This discriminatory modulation of translation in HeLa cells mediated by the second coding exon of Tat raises the possibility that efficient expression of HIV-1 Tat in astrocytes contributes to the observed downmodulated translation of Gag, Env, and Nef. Another role for Tat might result from the reported direct interaction of the first coding exon of Tat (Tat 1-72 ) with PKR causing an inhibition of autophosphorylation and activation of PKR (29) . In addition, the second coding exon of Tat (Tat [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] ) is itself a substrate for phosphorylation by PKR (29) . An accumulation of Tat in astrocytes might result in interactions with PKR that preferentially restrict translation of HIV-1 structural proteins. Further experiments to examine the translational control mechanisms of astrocytes that cause the diminished expression of HIV-1 are under way. What is clear from our present results is that the translational control mechanism of astrocytes discriminates between two subgroups of HIV-1 mRNAs.
With regard to identifying the relevant differences between the HIV-1 mRNAs, it is of interest that the pDM128 reporter, which has the CAT gene inserted at the translation initiation site for Env, efficiently expresses CAT protein in astrocytes, whereas Env is inefficiently expressed from the native env mRNA. The significant differences in the 5Ј untranslated regions (UTRs) of the pDM128 and the native env mRNAs (22) provide insight into the RNA elements that might increase the translation efficiency of the CAT mRNA as well as rev and tat mRNA. The 5Ј end of the pDM128 mRNA has up to 428 bases of the 5Ј UTR from simian virus 40 large T antigen joined to the bulge of the HIV-1 TAR region. The HIV-1 sequence extends to the end of the U5 region but excludes 102 bases upstream of the major 5Ј splice site and includes noncoding mRNA 3Ј of the seventh codon of Tat. In pDM128, the start site for Rev has been mutated and the CAT gene has been inserted at the Env initiation codon. Thus, pDM128 includes up to 125 extra bases of the 5Ј UTRs from rev and tat mRNAs that are not in the predominant env mRNA. Thus, unique RNA elements from the rev and tat mRNAs, such as the polypyrimidine tracts of the splice acceptor sites for rev and env, are included into the 5Ј UTR of pDM128. These RNA elements are spliced from the native env and nef mRNAs and might confer a more-efficient translation to some mRNAs in astrocytes. However, translation modulation by sequences in the Env coding frame cannot be excluded.
In the adult brain, astrocytes are unrenewable and crucial for neurological function. The elimination of astrocytes latently infected by HIV-1 may be neurologically detrimental. However, this dormant infection provides a sanctuary for HIV-1 that may thwart viral eradication and serve as a source for renewed systemic infection. Inducing permanent viral dormancy may be a strategy to control HIV-1. Our results show that the dormant infection of astrocytes originates from a block in the translation of gag, env, and nef mRNAs. Translation of the rev and tat mRNAs was unaffected. Understanding the mechanisms modulating the translation of HIV-1 structural proteins may identify strategies to sustain the suppression of HIV-1 in viral sanctuaries such as brain astrocytes.
